Based on ab initio density functional theory, we have investigated a microscopic mechanism that leads to Fe 2+ B /Fe 3+ B dimerization and consequent ferroelectricity in charge ordered Fe3O4 with P 2 symmetry. In addition to the simple inter-site Coulomb repulsion, quantum hybridization effects are invoked to explain the Fe 2+ B /Fe 3+ B bond dimerization. Our results, based on the generalized gradient approximation + Hubbard U (GGA+U ) method, indicate that noncentrosymmetric P 2 magnetite shows a finite and sizeable ferroelectric polarization along the b crystalline axis. From the U dependence of polarization, we conclude that the origin of ferroelectricity in P 2 Fe3O4 lies in the recently proposed "intermediate site/bond-centered charge ordering".
I. INTRODUCTION
Advanced multifunctional materials showing coexisting and spontaneous long-range dipolar and magnetic orders are nowadays referred to as multiferroics [1] ; they combine extremely fascinating physics phenomena with a huge potential for technological applications. Recently, large interests have been devoted to improper multiferroics [1, 2] : here, ferroelectricity is driven by unconventional mechanisms, such as the loss of centrosymmetry due to the occurrence of long-range spin or charge order (at variance with more conventional ferroelectrics in which the ionic degrees of freedom play a prominent role in inducing permanent dipole moments).
Magnetite is not the site/bond-centered charge ordering, but a "charge shift" between specific Fe B site. [11] In contrast to our previous study, in this paper we focus on noncentrosymmetric P 2 (No.3) structure in order to realize the picture proposed by Khomskii Khomskii et al. have discussed how charge ordering could induce ferroelectricity in magnetic systems. [10] According to their idea, when either site-centered or bond-centered charge orderings happen individually, a system does not have a net dipole moment: however, if the site-centered and bond-centered charge orderings occur simultaneously in a system, the inversion symmetry is broken so that the system shows a net dipole moment, therefore becoming ferroelectric (cf. Fig.1 [12] have investigated the crystal structure of Fe 3 O 4 at low temperature by using high-resolution neutron powder-diffraction and X-ray powder-diffraction measurements. According to Ref. [12] , the distances between charge ordered Fe sites, there is a sequence of short and long Fe B -Fe B bond lengths along b (i.e. bond dimerization process). This situation indeed corresponds to the site/bond-centered charge ordering proposed by Khomskii et al [10] ., the so called "Zener polaron".
Generally, the origin of bond dimerization in other multiferroic materials is the spin configuration, e.g., in HoMn 2 O 5 the bond lengths between antiparallel (parallel) Mn ions are expanded (contracted) so as to optimize the double exchange mechanism. [13] There is, however, no correlation between the dimerization process and the spin configuration in Fe 3 O 4 , since all the spin directions of Fe B sites are the same. Wright et al. have proposed the bond length modulation to be due to the simple classi- 
III. CALCULATION METHOD
Electronic structure calculations and structural optimizations are performed by the "Vienna Ab initio Simulation Package" (VASP) and Projector Augmented Wave (PAW) pseudopotentials. [14] The Perdew-BeckeErzenhof (PBE) of the generalized gradient approximation (GGA) is employed for the exchange-correlation potential. [15] The plane wave cutoff energies are 400 eV for Fe and O atoms. The GGA+U calculations within Dudarev's approach are performed by applying a Hubbardlike potential for Fe-d states only. [16] Effective Coulomb energies U = 4.5, 6.0, and 8.0 eV and an exchange parameter J = 0.89 eV are used. [17] To calculate the electronic structure of ferroelectric Fe 3 O 4 , we consider an"artificial" crystal structure with P 2 symmetry, built by copying the lower half of the (experimentally suggested) monoclinic P 2/c antiferroelectric cell to the up- per half, as shown in Fig.3 . Note that there is no net polarization in antiferroelectric P 2/c magnetite, because the local polarizations in the upper half and lower half cancel each other. On the other hand, ferroelectric P 2 Fe 3 O 4 can show a finite net polarization. Computational details for the electronic structure and structural optimization in ferroelectric P 2 Fe 3 O 4 are the same as antiferroelectric P 2/c. Both P 2/c and P 2 contain 56 atoms (24 Fe and 32 O ions) in a c / √ 2×a c / √ 2×2a c unit cell, where a c stands for the lattice constant of cubic • . [18] In the structural optimization, a threshold on the atomic forces of 0.01 eV/Å is employed. Internal atomic coordinates are optimized in P 2/c and P 2 Fe 3 O 4 starting from experimental Wyckoff parameters. [12] Fe-3p 6 3d 6 4s 2 and O-2s 2 2p 4 electrons are treated as valence electrons. For Fe atoms, the ferrimagnetic configuration is considered: all Fe A sites have up-spin and all Fe B sites have down-spin. We neglected spin-orbit coupling, so that the direction of magnetization with respect to the crystal is not specified. For the P 2/c and P 2 Fe 3 O 4 , the 6×6×2 Monkhost-Pack k-point grid in the Brillouin zone is used. The Berry phase approach [19, 20] First, we will show that the site/bond-centered charge ordering occurs in Fe 3 O 4 , so that ferroelectricity can be expected. Figure 4 illustrates charge densities (in a selected energy range, see caption) of Fe Fig.3(b) . As discussed in a previous study [21] , one electron occupies one of the spin down t 2g orbitals (xy, yz, and zx) 2− sites, so that we can expect a somewhat larger hybridization with respect to the ideally undistorted atomic arrangement. As a result, due to orbital hybridization, short bond sides have higher electron density and long bond sides have lower electron density. The center of gravity of charges is therefore expected to move away from the ions and we infer from Fig.4 that, in addition to the site-centered charge ordering on Fe B sites, even the bond-centered charge ordering proposed by Khomskii et al. is realized in Fe 3 O 4 .
[10] Table I shows the dependence of Fe B -Fe B bond lengths on the on-site Coulomb interaction U in the corner sharing tetrahedra and valence charges q d of Fe B sites in ferroelectric P 2 Fe 3 O 4 (the numbering of Fe B sites corresponds to that of P 2/c structure in Fig.2 ). As shown in Fig.3(b the upper part of Table I and Fig.2 , there are alternations of short and long bond lengths between Fe B sites, leading to the Fe 2+ /Fe 3+ bond dimerization along the b axis, so that the corner sharing tetrahedra formed by Fe B sites are strongly distorted from ideal regular tetrahedra. Table I also indicates that the distortions of the tetrahedra are suppressed upon increasing U . For example, along the b direction, the bond lengths between Fe B (3) and Fe B (4) sites are modulated from 2.888 to 3.038Å for U =4.0 eV, from 2.919 to 3.006Å for U =6.0 eV, and from 2.934 to 2.992Å for U =8.0 eV, respectively (the bond length is modulated from 2.880 to 3.046Å in the experiment [7] ). Now, we focus on a mechanism of the Fe 2+ /Fe 3+ bond dimerization in Fe 3 O 4 . Previous studies [12, 17] suggested dimerization on Fe 2+ B and Fe 3+ B sites to originate from the inter-site Coulomb interaction between Fe B sites. However, this is not the only factor and we propose that "asymmetric hybridization" plays a relevant role in this context (cfr. Fig. 5 ). As mentioned above, one electron occupies the t 2g down spin states at Fe 2+ B sites, whereas t 2g and e g down spin states at Fe [17] We note that, when U is set to zero, there is neither charge order nor bond dimerization of Fe B sites, due to metallicity. The key point here is the U dependence of charge separations between Fe B sites. Our results indicate that, upon increasing U , the charge separation in Fe B sites increases, due to the fact that electrons are more localized for large U . Therefore, upon increasing the charge separations in Fe B sites, one expects the inter-site Coulomb interactions to more strongly distort the Fe B tetrahedra, implying a larger tendency towards bond dimerization between Fe B sites. However, Table I shows that the dimerization on Fe B sites decreases when increasing U . We infer that these results can not be explained by inter-site Coulomb interaction only. Indeed, from the "asymmetric hybridization" point of view, it can be expected that, due to the stronger localization of electrons for large U , the reduced hybridization leads to a weakening of dimerization on Fe B sites (as confirmed by Table I ).
B. Ferroelectricity in Fe3O4
From the discussion in the previous section, we can expect ferroelectric polarization along b in P 2 Fe 3 O 4 to occur by means of the site/bond-centered charge proposed by Khomskii et. al. [10] Due to the presence of inversion symmetry, P 2/c Fe 3 O 4 doesn't have a net polarization; however, there is no inversion symmetry in P 2 Fe 3 O 4 , so the system is allowed to have finite polarization. We choose the antiferroelectric P 2/c Fe 3 O 4 as a centrosymmetric reference structure, i.e., spontaneous polarization is obtained by polarization difference between ferroelectric P 2 and antiferroelectric P 2/c Fe 3 O 4 , ∆P = P FE − P AFE . Here, polarization along b in Fe 3 O 4 is calculated by two different methods: one is the Berry phase method, where the macroscopic polarization is obtained from the Wannier-center displacements, [19] another is the simple "point charge model" with nominal charges on the Fe an O ions. Note that the polariza-U (eV) B(1a)-B(1b) B(1a)-B(3) B(1a)-B(4) B(1b)-B(3) B(1b)-B(4) B(2a)-B(2b (eV) B(2a)-B(3) B(2a)-B(4) B(2b)-B(3) B(2b)-B(4) B(3)-B(4) B(4)-B(3 tion can only be determined up to an integer multiple of the polarization quantum [23] . In ferroelectric P 2 Fe 3 O 4 structure, the polarization quantum eR/Ω is 16.12 µC/cm 2 along b direction, where e is the electron charge and R is the lattice vector along b. Figure 6 shows polarizations along b obtained by point charge model and by the Berry phase method. In the later approach, the internal atomic positions of ferroelectric P 2 and antiferroelectric P 2/c Fe 3 O 4 are optimized in the conditions of U =4.5, 6.0, and 8.0 eV, and then the same U values as for the crystal optimizations are consistently used for polarization calculations. At U =4.5 eV, the polarization calculated by the Berry phase method is much larger than that of the point charge model. This large difference is due to strong enhancement of dipole moments by the Wannier centers displaced from atomic We now comment on the difference between our present results and our previous calculations. [11] We showed that Fe 3 O 4 has Cc symmetry in the ground state and polarization direction is not along b but in the monoclinic ac mirror plane, P Berry =(-4.41, 0, 4.12) in µC/cm 2 (for U =4.5 eV and J=0.89 eV). The difference between our present results and previous calculations originates from the microscopic mechanism of ferroelectricity: in Fe 3 O 4 with Cc symmetry, the polarization is not driven by the site/bond-centered charge ordering but by "charge shift" at selected Fe B sites. The bond dimerization on Fe
2+ B and Fe

3+
B sites along b in Cc Fe 3 O 4 does indeed exist; however, dipole moments caused by the site/bond-centered charge ordering are cancelled between upper half and lower half of the unit cell, due to the Cc symmetry. Therefore, the site/bond-centered charge ordering is not appropriate as a mechanism of ferroelectricity in Cc magnetite. Finally, we briefly discuss the stability of antiferroelectric P 2/c and ferroelectric P 2 Fe 3 O 4 . Figure 7 shows the total energy differences per unit cell of antiferroelectric and ferroelectric Fe 3 O 4 (after structural optimizations) as a function of on-site Coulomb interaction U . The structural optimizations are performed separately for ferroelectric and antiferroelectric Fe 3 O 4 for U =4.5, 6.0. 8.0, and 10.0 eV. Incidentally, we note here that at U =4.5 eV, Fe 3 O 4 with Cc symmetry is the ground state [11] . When the on-site Coulomb interaction is set to U = 4.5 eV, the ferroelectric state is less stable than antiferroelectric state as shown in Fig.7 . However, the situation is changed for large U values. The energy difference between antiferroelectric P 2/c and ferroelectric P 2 Fe 3 O 4 decreases with increasing U value; when U reaches ∼8.0 eV the ferroelectric state becomes even more stable than the antiferroelectric state, paving the way to P 2 magnetite as a possible multiferroic. 
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